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Available online ▪ ▪ ▪AbstractWave-induced motions and global loads on twin hull vessels (catamarans) at forward speed are studied, based on a 2D strip theory approach
in which the sectional hydrodynamic properties are determined using source-distribution method. Two alternative schemes for this double-hull
problem have been used for the computations of the sectional properties. In one the demihulls are treated to be hydrodynamically independent of
each other. In the other approach, both demihulls are considered simultaneously as part of the section and thus the demihulls can be considered
hydrodynamically interacting. Comparative results with available experimental data on the sectional hydrodynamic properties and ship motions
are presented, followed by a study of various modes of important structural loads on the cross-deck structure of catamaran hulls. It is found that
while computed predictions roughly follow the general trend of experimental data, large differences still exist particularly in the load predictions.
Compared to loads, motions predictions are relatively better. There is also a lack of consistency in load predictions from the two approaches.
This indicates that simplified 2D based schemes may be able to provide a reasonable indication of motions during preliminary design stages, but
as regards loads these simplified approaches appear incapable of providing any reasonable prediction for twin hulls, unlike in the case of
monohull loads.
Copyright © 2016 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Over the past three to four decades, an increasing appli-
cation of twin hull or catamaran concept can be observed in
the design of vessels for special services such as ferries,
oceanographic research, rescue, and offshore support vessels,
and naval vessels for operations in shallow water. Although
most of these vessels are designed as oceangoing vessels,
compared to monohulls relatively less is known on the dy-
namic response of these vessels in an open ocean environment
including wave-induced dynamic loads crucial for structural
design.* Corresponding author. Fax: þ91 3222255303.
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license (http://creativecommons.org/licenses/by-nc-nd/4.0/).An oceangoing vessel needs to be designed to withstand the
extreme weather conditions from wind and waves encountered
during its operations in a realistic seaway. Among all the
environmental loads, the dynamic wave-induced load is the
most significant and has a critical role in ship hull structure
design. In general, wave-induced loads can be further sub-
divided into different frequency ranges depending on the dy-
namic behaviour and flexibility of the ship structure. The low
frequency loads are the second order wave exciting forces
which are relatively small in magnitude but results in free
drifting motions to unrestrained hulls or slowly varying rigid
body motions to moored vessels. Responses at wave-
frequencies are the first order rigid body motions and accel-
erations. Loads in this case are due to first order hydrodynamic
pressures around the hull which induce local loads, and when
integrated results in global loads. The high frequency loads
arise from impact type of localized hydrodynamic pressuresced motions and loads on catamaran hulls with forward speed, International
.1016/j.ijnaoe.2016.08.005
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These high frequency loads are for example the springing and
whipping loads inducing dynamic and transient vibratory re-
sponses on the hull structures. Among these three broad
classes of loads in the three frequency ranges, the global loads
induced by the first order wave-frequency hydrodynamic
pressure remain the most significant for the overall structural
design of the hull. These loads are usually expressed in terms
of shear forces and bending moments assuming the hull girder
to behave as a rigid beam, and forms the basis for structural
scantling calculation by classification societies.
Mono hulls experience vertical and horizontal shear forces
and bending moments and torsional moment depending on the
ship speed, wave heading and the frequency of the waves. For
usual mono-hull geometries which are long and slender, an
important wave induced load is the Vertical wave Bending
Moment (VBM) inducing global hull girder stresses along the
longitudinal direction. For monohulls, VBM is therefore of
prime concern to classification societies as it serves as an
initial safety check for the overall structure against failure
from large longitudinal stresses in deck and keel. For twin
hulls, however, another important structural problem is the
design of the cross-structure which connects the two hulls.
Predicting the loads on this part of the structure is crucial for
structural integrity of these vessels. This requires evaluation of
other types of bending moments such as transverse bending
moment or prying moment and pitch connecting moment, in
addition to the usual vertical and horizontal bending moments
in the longitudinal plane.
Broadly there are two approaches in evaluating wave-
induced loads on the hull girder. In the first, namely evolu-
tionary approach, the wave-induced loads specified in the rules
issued by the various classification societies have evolved
gradually through trial, experience, past data analysis and
modification. A wealth of service data together with some
knowledge from theoretical analysis and model tests are
accumulated and interpreted in the form of codes for future
design of similar ships. Although the rules formed in this
approach is quite useful for the preliminary design calcula-
tions, one cannot easily distinguish between structural ade-
quacy and over-adequacy and hence obtain an optimal design
for a specific vessel. The second approach is the direct
calculation of the loads by integrating pressures over the hull.
Within this, again, there are many variants depending on the
level of approximations used in determining the pressures. The
most complete solution here is clearly obtained when pres-
sures are determined from a solution of the boundary value
problem defining the ship advancing through waves, or, in
other words, through a solution of the seakeeping hydrody-
namic problem.
Seakeeping of monohulls is a well-studied area in marine
hydrodynamics and a wealth of information both on compu-
tational methods and experimental data are available.
Computational methods range from 2D strip theory based
methods to a variety of 3D methods (see eg. Beck and Reed,
2001). Despite these progresses, however, there existPlease cite this article in press as: Sen, D., Negi, A., Computation of wave-indu
Journal of Naval Architecture and Ocean Engineering (2016), http://dx.doi.org/10considerable differences in the computed global loads from the
various available methods, and increasing multi-organizational
collaborations are being undertaken to address this issue of
uncertainties in load prediction methods (see eg. Papanikolaou
et al., 2014; Kim and Hermansky, 2014; Qiu et al., 2014).
Estimation of wave-induced loads and its validation is still a
matter of great concern to various classification societies
(Hirdaris et al., 2014). In contrast, reasonably good and
acceptable motion predictions can be obtained even from
simplified 2D strip theory-based methods for conventional
monohulls at moderate speeds (Lewis, 1989; Journee and
Massie, 2001). For catamarans or twin hulls, not only there
are relatively far less computational and experimental studies
on seakeeping and wave-induced loads available compared to
monohulls, some of the important loads of concern acting on
the cross-structure between the two demihulls are of different
nature which are of no significance to monohulls.
Some of the available studies on catamaran motions and
loads are as follows. One of the earlier experimental studies on
motions of loads on catamarans has been conducted at the
Naval Ship Research and Development Centre (NSRDC) by
Wahab et al. (1971). This study was for an ASR catamaran
hull having asymmetric fore-bodies and symmetric aft-bodies.
Numerical and experimental studies on two catamaran hulls
were carried out by Lee et al. (1973). Faltinsen et al. (1992)
conducted a series of self-propelled tests on a catamaran
model and measured motions and loads on the cross-deck
structure in regular waves. Fang et al. (1996, 1997) conduct-
ed motion experiments on catamaran hulls in regular waves at
different forward speeds. Van't Veer (1998a) presented a
Rankine panel based numerical model for multi-hull sea-
keeping and compared his numerical results with a specially
designed experimental programme on motion and load mea-
surements on a catamaran hull termed the DUT (Delft Uni-
versity of Technology) catamaran. The details of the
experimental programme were reported in Van't Veer (1998b,
1998c). Bashir et al. (2013) investigated the loads on a deep-V
catamaran experimentally and numerically. As regards
computational schemes for multihull seakeeping, available
methods range from 2D strip theories with modifications to
2.5D theories to 3D theories, and novel methods continue to be
reported, see eg. Belknap (2008) and references therein.
Compared to seakeeping motion results from numerical
methods, available studies on computed load results are rela-
tively less, and also the available limited load computations
show relatively poor correlation against experimental data
compared to the correlation between computed and experi-
mental motions.
The objective of the present paper is to study the motions
and loads on a catamaran hull with particular attention to the
loads on the cross-deck. Computations are performed based on
a 2D strip theory based method, but following two different
schemes for the sectional hydrodynamic solution. Results of
motions and loads are computed and compared with available
numerical and experimental results for two different cata-
maran hulls.ced motions and loads on catamaran hulls with forward speed, International
.1016/j.ijnaoe.2016.08.005
Fig. 1. Full 2D (sectional) cut through the twin-hull vessel.
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It is well known that the equations of linear wave-induced
motions in a regular linear wave-field can be expressed in the
following familiar form (Lewis, 1989):
X6
j¼1

MijþAij

€hjþBij _hjþCijhj
¼ Fex;i; i¼ 1; ::;6 ð1Þ
Here h1, h2, h3 represent the three modes of linear dis-
placements (motions) along the directions (x0, y0, z0) of a right-
handed Cartesian coordinate system with origin at the centre
of gravity G, and x0 denoting longitudinal direction or the
direction of forward velocity and z0 pointed vertically up-
wards. h4, h5, h6 are the three rotational motions about these
three axes (x0, y0, z0), and overdot denotes differentiation withFig. 2. Single dem
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surge, sway, heave, roll, pitch and yaw motions respectively. In
(1), [Mij], [Aij], [Bij] and [Cij] are the generalized rigid body
mass, added mass, damping and restoring force coefficient
matrices, and Fex,i is the exciting force/moment in the ith
mode. Eq. (1) represents the coupled 6 degrees of freedom
equations of motion, which for a hull symmetric about its
centreplane reduces to two sets of coupled equations (see eg.
Salvesen et al., 1970), one for surge-heave-pitch (h1, h3, h5),
and the other for sway-roll-yaw (h2, h4, h6). Solution of (1) for
the unknown hj is straightforward if the coefficients of these
equations are all known. The major challenge in computing
ship motions lie in determining the added mass and damping
coefficients Aij and Bij which represent the hydrodynamic ra-
diation forces, and the wave exciting force Fex,i which consists
of forces due to incident wave and diffracted waves. The maini-hull case.
ced motions and loads on catamaran hulls with forward speed, International
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Fig. 3. Global loads on centerline of cross-deck of a twin hull.
Table 1
Relevant particulars of the TUD catamaran hull.
Parameter Symbol Value
Length between perpendiculars L 3.00 m
Beam overall B 0.94 m
Beam demi hull b 0.24 m
Distance between centre of hulls s 0.70 m
Draught T 0.15 m
Displacement (volume) V 0.08707m3
Mass distribution, experiments at TU Delft
Vertical CG from baseline KG 0.340 m
Longitudinal CG from aft perpendicular LCG 1.41 m
Pitch radius of gyration kyy 0.782 m
Mass distribution, experiments at MARIN
Vertical CG from baseline KG 0.278 m
Longitudinal CG from aft perpendicular LCG 1.41 m
Roll radius of gyration kxx 0.389 m
Pitch radius of gyration kyy 0.810 m
Yaw radius of gyration kzz 0.930 m
Transverse CG of demihulls from centreline y 0.3355 m
4 D. Sen, A. Negi / International Journal of Naval Architecture and Ocean Engineering xx (2016) 1e26
+ MODELtask in linear ship motion computations therefore reduces to
solving the hydrodynamic boundary-value problem of wave
radiation and wave diffraction by the advancing hull. For
solving the hydrodynamic problem, usually another coordinate
system (Oxyz) is used which is parallel to the (Gx0y0z0) system
but with origin O lying on the mean free-surface on the ver-
tical through G and z coincident with z0. As mentioned earlier,
a variety of methods are available for the solution of these
hydrodynamic problems both in 2D and 3D mostly for
application to monohulls.
In contrast to monohull seakeeping, a matter of concern in
multihull seakeeping is the effect of hydrodynamic interaction
between the demi-hulls. In order to account for these in-
teractions, which can be termed the 3D effects, the solution
method needs to be formulated using a full 3D theory. How-
ever, the 3D methods are computationally far more demandingPlease cite this article in press as: Sen, D., Negi, A., Computation of wave-indu
Journal of Naval Architecture and Ocean Engineering (2016), http://dx.doi.org/10then the 2D strip-theory based methods, and therefore there
have been many developments to apply 2D strip methods for
multihull seakeeping with appropriate modifications to ac-
count for the hull interaction effects. As such, the demihulls of
typical catamarans are long and slender, and therefore if the
individual demihulls are considered hydrodynamically inde-
pendent and non-interacting, then 2D strip theory based
methods appear adequate. In order to account for the three-
dimensionality of the flow but retain the computational effi-
ciency of the 2D strip theory methods, 2.5D or 2D þ t methods
have also been developed (eg. Faltinsen and Zhao, 1991;
Ohkusu and Wen, 1993; Hermundstad et al., 1999). The
fundamental idea behind these 2.5D is to solve a series of 2D
problems but use the 3D free-surface conditions. These 2.5D
methods are developed mostly for high-speed applications and
some of these also be applicable to monohulls at high speeds.
As discussed by Belknap (2008), whether the hulls can be
treated hydrodynamically independent or interacting depends
on several factors including the separation distance, the wave
frequency and vessel speed. At low speed, the radiated wave
of one demihull is expected to fully interact with the other
hull. However, the full 2D sectional solution leads to ‘wave-
trapping’ and thus the so-called ‘piston-mode resonance’
(Faltinsen, 2005) while in reality 3D dissipation reduces this
effect. At high speed, hull interaction is less and thus the
demihulls can be considered independent but on the other
hand strip theory is essentially a low speed theory. Therefore
there is appears uniformly valid 2D theory based methods for
multi-hull seakeeping at this time.
The present work is based on a 2D strip theory based
approach. As is well known, in this approach the hull is
divided into two dimensional sectional ‘strips’, and the inte-
gration of these 2D sectional properties over the length gives
the 3D quantities of interest at zero speed. The forward speed
effects are incorporated through so-called forward speed cor-
rections of the zero-speed 3D properties. In this work we use
the STF version of the strip theory for the forward speedced motions and loads on catamaran hulls with forward speed, International
.1016/j.ijnaoe.2016.08.005
Fig. 4. The TUD catamaran body plan.
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Fig. 5. Heave added mass (A33) and damping (B33) at Fn ¼ 0.3.
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in many standard texts, eg. Lewis (1989).
There are several alternatives for determining the sectional
hydrodynamic properties in a conventional strip-theory
approach. One of these is based on appropriate mapping of
the sections, eg. Lewis form and Tasai-Porter method (Journee
and Massie, 2001). Such mapping-based techniques are how-
ever not suitable for multihulls as appropriate mappings are
not easily available. In the second method, numerical solution
of the 2D hydrodynamic problem is achieved through distri-
bution of appropriate Green-function singularities over the
section, first advocated by Frank (1967) and is popularly
known as Frank close-fit method. This method can also handle
arbitrary section shapes including shapes which are not sym-
metric. This is particularly important for catamaran applica-
tion, since here besides having twin hulls, the individual demi-
hulls can be asymmetric about their own centreplanes.
The present work is based on the singularity distribution
methods but two approaches are used in determining the
sectional hydrodynamic solution:-0.1
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In the former method, the full two-dimensional sectional
cut taken right through both the demi hulls is considered as a
single unit. This means, analogous to a monohull application,
the complete section of the catamaran including the two demi-
hulls is taken as its 2D section. Sources are distributed over the
entire hull through appropriate discretization of the entire
section as depicted in Fig. 1. The singularity distribution
program that has been written does not assume any symmetry
and therefore the hull is discretized into segments starting
from the uppermost left point on the first demihull, right
through the uppermost point of the right demi-hull as shown.
This means, if the jth segment is between point j and j þ 1,
then j ¼ 1, N þ 1 are the points dividing the left demihull into
N segments, and j ¼ N þ 2, 2N þ 2 are the points dividing the
right demihull into the same number of N segments (in Fig. 1,
N ¼ 20). In assembling matrices for all the 2N segments
sequentially, however, care must be taken to ensure that5 6 7 8
e√ (L/g)
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+ MODELj ¼ N þ 1, N þ 2 is not a segment. Hydrodynamically, in this
approach, the radiating waves from both the segments interact
with each other, and this has been termed here as the method
which considers hydrodynamic interaction.
In the second approach, the two demihulls are assumed to
behave independently from a hydrodynamic viewpoint.
Therefore the sectional properties are determined based on
singularity distribution over a single hull, and the evaluated
properties for the two demihulls are algebraically added for
generating the total sectional properties. Note however that the
individual hull geometries must be defined with respect to the
origin at the centreplane of the total catamaran, as shown in
Fig. 2.
At zero or low speeds the radiating waves from each
demihull interact with the other demihull and thus the full 2D
cut method may be relatively more appropriate from a hy-
drodynamic viewpoint. In high speeds and for vessels with
larger demihull separation, the radiating waves from the
demihulls are swept downstream before these could reach the-0.4
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capture reality with sufficient accuracy. However, as
mentioned earlier both these approaches have their own lim-
itations in practical applications.
3. Load computations
The components of wave induced global loads on the hull
girder consist of three forces and three moments. The forces at
any section of the hull is given as:
V
!¼ V1 i!þV2 j!þV3 k! ð2Þ
where V1 is the compression force, V2 and V3 are the hori-
zontal and vertical shear forces respectively at a given section
and i
!
; j
!
; k
!
are the unit vectors in the three directions cor-
responding to the subscripts 1, 2, 3. These three directions
correspond to the three axes (x, y, z) respectively. V1 is usually
very small compared to the other loads and is mostly
neglected. Similarly, the moments at any section are given as:5 6 7
e√ (L/g)
Strip2h
Strip1h
Exp.
4.5 5 5.5 6 6.5 7
e√ (L/g)
Strip2h
Strip1h
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A35) and damping (B35) at Fn ¼ 0.3.
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where V4 is torsional moment, and V5 and V6 are the vertical
and horizontal bending moments respectively. These dynamic
structural loads are the difference between the inertia loads (Ij)
and the sum of external forces acting on the part of the hull
forward of the considered section at which the loads are
acting. The external forces consist of wave-exciting forces
(Ej), hydrodynamic or wave-radiation forces (Dj) and hydro-
static forces (Rj), so that the loads can be expressed as:
Vj ¼ IjRjEj Dj ð4Þ
The above loads and moments on a monohull are acting on
the cross-sectional plane ( yz) along the longitudinal axis x.
For a twin hull or catamaran, our interest in this work are
the important global loads acting on the transverse plane
causing structural loads at the centreline of the hull, that is at
the (xz) plane at y ¼ 0. These are:-0.15
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differential surge motion.
 Transverse shear (or athwartships) force V2, a force that
tends to produce differential sway motion
 Vertical shear force V3, a force that tends to produce dif-
ferential heave motion
 Vertical bending moment or prying moment V4, a bending
moment that tends to produce differential roll motion
 Pitch connecting moment V5, a torsional moment that
tends to produce differential pitch motion
 Yaw splitting moment V6, a torsional moment that tends to
produce differential yaw motion
Illustrations of V2, V3, V4 and V5 are shown in Fig. 3. It
needs to be noted that the above loads Vj defined for the cat-
amaran hull acts on the centreplane at the deck and are
different in nature from the loads Vj defined for the monohull
in Eqs. (2) and (3). The differential motions mentioned in5 6 7
e√ (L/g)
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Exp.
5 6 7
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demihulls tends to cause such motions, for example, a load
causing differential heave motion means the load tends to
make one of the demihulls go up and the other go down at the
same instance.
From the dynamic pressure distribution on the hull, it is
possible to find the global loads by directly integrating the
inertia loads and pressures. This procedure is however not easy
to apply in the context of finding loads at the centreplane of
the catamaran hull, as integrations need to be performed along
the y-axis. Usually in a strip-theory approach, the sectional
properties are available and thus direct integration of pressure
is convenient when integrations are needed along the length, as
in the case of the loads described above for monohulls. In the
present work, a simplified approach as described in Van't VeerPlease cite this article in press as: Sen, D., Negi, A., Computation of wave-indu
Journal of Naval Architecture and Ocean Engineering (2016), http://dx.doi.org/10(1998a) and Faltinsen (2005) is followed. In this approach,
dynamic loads on the half parts are obtained by considering a
cut along the centreplane of the catamaran as our interest is to
find the load at this centreplane where structural loads will be
most severe and thus of prime importance.
To find the loading at the midpoint of a cross beam, the
standard approach of structural analysis is to cut the section at
the point where the loading is to be determined, and consider
all the forces and moments, external as well as inertial. The
dynamic force vector on one-half part of the catamaran, ob-
tained by cutting the hull along the centreplane, is the differ-
ence between the inertia forces and the sum of the external
forces acting on this half part. The external dynamic forces
consist of the following components: radiation i.e. added mass
and damping forces, hydrostatic restoring forces, and waveced motions and loads on catamaran hulls with forward speed, International
.1016/j.ijnaoe.2016.08.005
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+ MODELexciting forces. Similarly the moment vector is the difference
between the moment due to the inertia forces and the moment
due to the external forces about the centreplane. In deriving
the simplified expression for the loads, it is assumed that the
catamaran is symmetric about its centreplane and also that the
mass distributions for each half about the centreplane is same.
In reality, mass distribution of each half may be slightly
different, but this difference is usually very small and can be
ignored. The other assumption on the hull geometry made is
that each demihull is symmetric about its own centreplane so
that the hydrodynamic forces (exciting as well as radiation
forces) on each demihull acts through its own centreplane.
This geometric assumption is not a serious restriction as in
practice most catamaran demihulls are symmetric about their
own centreplanes. Based on these assumptions, the simplified
expressions for loads are derived in Van't Veer (1998a) and
Faltinsen (2005) as:Please cite this article in press as: Sen, D., Negi, A., Computation of wave-indu
Journal of Naval Architecture and Ocean Engineering (2016), http://dx.doi.org/10V2 ¼1
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€h5 ð9Þ
Expression for longitudinal shear force V1 is not included
since this is negligibly small. In the above expressions, su-
perscripts P and S indicate port and starboard half of the hull
section, yg and h are respectively the distance of the CG of the
half-sectional part of the hull, and the distance of the centre-
line of the demihulls from the full catamaran centreline. Aij,
Bij, Cij are the added mass, damping and restoring force co-
efficient respectively in the modes indicted by the subscripts,
M is mass and I() are the cross-coupled rigid-body mass mo-
ments of inertia in the subscripted axes. Terms without thePlease cite this article in press as: Sen, D., Negi, A., Computation of wave-indu
Journal of Naval Architecture and Ocean Engineering (2016), http://dx.doi.org/10superscripts P and S implies that the indicated quantities are
for the full hull. Thus M ¼ MP þ MS ¼ 2MP ¼ 2MS is total
mass, but IPðÞ and I
S
ðÞ are the mass moments of inertia for the
port and starboard hulls respectively. The roll exciting mo-
ments in the expressions for V4 can be written as:
FPex;4 ¼ hFPex;3  zbFPex;2
FSex;4 ¼hFPex;3þ zbFPex;2
ð10Þ
where zb is the z coordinate of centre of buoyancy.
From the load expressions (5)e(9), the following obser-
vations can be made:ced motions and loads on catamaran hulls with forward speed, International
.1016/j.ijnaoe.2016.08.005
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Fig. 12. Heave, roll and pitch RAO at Fn ¼ 0.3 in bow-quartering wave (b ¼ 225 deg.).
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+ MODEL V2, V3 and V5 are zero in head and following seas, i.e. for
wave directions b ¼ 0 and 180 deg. (wave heading b is
defined as the angle the direction of wave propagation
makes with x axis). At this heading, waves are along thePlease cite this article in press as: Sen, D., Negi, A., Computation of wave-indu
Journal of Naval Architecture and Ocean Engineering (2016), http://dx.doi.org/10length of the hull, and thus there are no transverse force,
which results in a zero V2. Additionally, there cannot be
any internal vertical force (shear force) and pitch con-
necting moment in a longitudinal cut along the centreced motions and loads on catamaran hulls with forward speed, International
.1016/j.ijnaoe.2016.08.005
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+ MODELplane because the vertical hydrodynamic and body inertia
force and pitch moments on the two demihulls are equal
and in phase when b ¼ 0 and 180 deg.
 V4 is non-zero when b ¼ 0 and 180 deg. This is because
the vertical hydrodynamic force and structural inertia
force on each half part act through different points having
different transverse distance from the centerline (i.e.
h s yg).
 Roll motion is important for vertical shear force (V3) and
pitch connecting moment (V5), while heave and pitch ac-
celerations are important for the prying moment (V4).
 At the limiting cases of very long wave-lengths and very
short wave-lengths (that is at low and high-frequency wave
limits), these loads tends to zero, At low frequencies,
rotational motions (h4, h5, h6) tend to zero and €h3 also
tends to zero as acceleration is in proportion to square of
frequency. As high frequency, all motions including
exciting forces tend to zero.
It is seen that vertical bending moment in the transverse
plane or the prying moment, which is very important for a-0.5
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Journal of Naval Architecture and Ocean Engineering (2016), http://dx.doi.org/10catamaran, depends significantly on roll motion. Unfortunately
not much of work can be found on catamaran roll motion at
speed, probably due to the fact that these vessels possess large
transverse stability and thus roll motion is not very significant.
For computing roll motion however it is very essential to have
correct estimation of the roll damping. In case of mono hulls
the maximum contribution to roll damping arises from viscous
effects, and the usual procedure is to estimate viscous roll
damping through empirical or semi empirical formulations or
experimental means and add this to the radiation damping
(ITTC, 2011). On the other hand, roll damping for catamarans
is dominated by the potential damping component, and this
damping is relatively high in contrast to mono hulls.
As noted previously, roll for a hull symmetric about cen-
treplane is coupled with sway and yaw. In the present work,
this coupling is neglected and roll is determined from a single
degree of freedom uncoupled roll equation:
u2eðI44þA44Þ þ iueB44 þC44


h4


¼ 

Fex;4


 ð11Þ
In the above, I44 is rigid body mass moments of inertia
about the longitudinal axis, ue is encounter frequency, A44, B441 1.5 2
λ/L
Exp. Strip1h
1 1.5 2
λ/L
Exp. Strip1h
0.6 in head wave (b ¼ 180 deg.).
ced motions and loads on catamaran hulls with forward speed, International
.1016/j.ijnaoe.2016.08.005
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+ MODELand C44 are respectively roll added moment of inertia, roll
damping and roll restoring moment, and jh4j and


Fex;4


 are the
complex amplitudes of roll displacement and roll exciting
moment. Note also that i in (11) is the imaginary numberﬃﬃﬃﬃﬃﬃ1p .
Computation with full 2D cut allows determination of A44
and B44 directly. If however the hulls are taken to be hydro-
dynamically independent, then these can be determined from:
A44 ¼ 0:5A33s2; B44 ¼ 0:5B33s2 ð12Þ
where s is the separation distance between the centrelines of
the two demihulls, and A33 and B33 are the heave added mass
of a single demihull computed by treating the demihulls as
hydrodynamically independent. Note that the roll damping B44
above is of potential-flow origin, and this damping here is0
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Journal of Naval Architecture and Ocean Engineering (2016), http://dx.doi.org/10fairly large because of the s2 term. No viscous damping has
been considered presently.
4. Results and discussion
As stated earlier, loads and motions results for catamaran
hulls are relatively scarce in open literature compared to its
monohull counterpart. Here we show results for two catamaran
hulls for which limited experimental and computed results on
motions and loads are available.
The first set of results are for the TUD (Technical Uni-
versity, Delft) catamaran. This is a catamaran of conventional
design that has been model-tested at Delft University of
Technology and MARIN (Van't Veer, 1998b, 1998c). The test
program included forced oscillations in calm water at Froude1 1.5 2
/L
xp. Strip1h
1 1.5 2
λ/L
xp. Strip1h
0.75 in head wave (b ¼ 180 deg.).
ced motions and loads on catamaran hulls with forward speed, International
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(bottom) in head waves (b ¼ 180 deg.).
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+ MODELnumber Fn ¼ 0.3 and regular wave motion transfer functions at
speeds of Fr ¼ 0.3 0.45, 0.6, 0.75 (Fn ¼ Vs=
ﬃﬃﬃﬃﬃ
gL
p
, Vs ¼ vessel
speed, L ¼ vessel length, g ¼ gravitational acceleration). The
regular wave motion tests at Delft University were primarily
focused on head seas. Oblique wave tests for the same hull
measuring motions and loads at wave headings of 195 deg.
and 225 deg. were conducted at MARIN. To obtain the
structure loading at the centre line, experiments were per-
formed at three Froude numbers (0.30, 0.60, 0.75). The main
particulars of this TUD catamaran hull and its sectional view
are given in Table 1 and Fig. 4 respectively.
As mentioned earlier, two methods have been used for the
catamaran computations. In one, the demihulls are assumed
hydrodynamically independent. Results for this case are
indicted by the legend ‘Strip1h’ in the figures. The second
method considers the demi-hulls to be hydrodynamically
interacting, and these results are shown as ‘Strip2h’ in the
figures below.
Non-dimensional added mass and damping coefficients for
the full hull in heave and pitch mode including coupled co-
efficients against non-dimensional frequency ue
ﬃﬃﬃﬃﬃﬃﬃﬃ
L=g
p
at
Fn ¼ 0.30 are presented in Figs. 5e8 (m ¼ mass in these
figures). The forward-speed terms used for evaluating these
speed-dependent 3D added masses are as per the formulation
of Salvesen et al. (1970). The strip-theory code that has beenPlease cite this article in press as: Sen, D., Negi, A., Computation of wave-indu
Journal of Naval Architecture and Ocean Engineering (2016), http://dx.doi.org/10developed for these computations have been thoroughly tested
against available results for monohulls. Belknap (2008) also
presented results for the same hull based on similar strip
theory computations treating the hulls as non-interacting and
interacting, and all our results have been compared to his re-
sults. As illustration of the agreement between our results with
Belknap's results, here in Figs. 5 and 6 we include the his
results (labelled as Belknap-strip1h, 2h).
While in general correlation with experiment is poor from
both computations, the agreement of the independent-hull
computations with experiment appears relatively better. In
general correlation of both computations with experiment
improves at higher frequencies but at lower frequencies the
interacting hull computations tend to deviate considerably. A
reason for the large discrepancies from the interacting hull
computations at lower frequencies is the occurrence of nega-
tive added masses in these computations, which is found to
occur at around ue
ﬃﬃﬃﬃﬃﬃﬃﬃ
L=g
p ¼ 3 in these computations. Negative
added masses for twin hulls occur at and in the vicinity of the
resonant frequencies of the interior free-surface (see eg.
Faltinsen, 1990, 2005). This is due to the large and rapid
changes in the radiation force amplitude and phase associated
with the large resonant motion of the interior free-surface
which behaves as a trapped fluid. This phenomenon can
only be captured when the demihulls are interacting, or in
other words, the entire hull is considered as a single body.
Modelling the catamaran by a single non-interacting hull
cannot capture such a phenomenon. In reality, however,
viscous effects as well as 3D dissipation at forward speed may
subdue this resonant motion and this is perhaps the explana-
tion of the absence of negative added masses in the mea-
surements. The poor correlation of the coupled damping
coefficient B35 over the entire frequency range from both
computations is most likely due to viscous effects. Compared
to the radiation forces, however, the correlation of the exciting
forces and moments between experiment and computation
using interaction principle is relatively much better, as can be
seen in Fig. 9.
Fig. 10 shows the comparison of heave and pitch motion
RAO at Fn ¼ 0.3 in head waves, b ¼ 180 deg. (A ¼ wave
amplitude, k ¼ 2p/l ¼ wave number, l ¼ wave length).
Belknap's (2008) results are also included here for comparison.
The Strip1h (non-interacting hull) results appear to correlated
better with experimental data here. The major difference
seems to be that Strip2h produces a sharper peak at resonance
compared to both Strip1h and experimental data. Belknap's
results also show the same trend. Results for the oblique wave
headings of b ¼ 195 deg. and b ¼ 225 deg. are shown in Figs.
11 and 12 where in addition to heave and pitch, roll RAO are
also shown. As in the head wave case, the resonant peak is
relatively sharper by Strip2h compared to the other two for
heave and pitch. For roll, Strip2h appears to capture the
resonant behaviour better at 225 deg. heading but at 195 deg.
heading when roll is not as large as in the 225 deg. heading
case, the non-interacting hull computations correlate better
with experiment displaying no peak while the interacting hull
computations display multiple peaks. Similar multiple peakced motions and loads on catamaran hulls with forward speed, International
.1016/j.ijnaoe.2016.08.005
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Fig. 16. Vertical shear (V3), prying moment (V4) and pitch connecting moment (V5) on the centreplane in an oblique wave of heading of b ¼ 195 deg. at speed of
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+ MODEL(additional peak at l/L z 0.7) is also found in Belknap's
computations, which is reproduced in roll plot at Fig. 11 for
illustration. Careful observation will reveal that the experi-
mental results also tend to indicate presence of a peak,
although of much lower value. Heave and pitch in head waves
at higher speeds of Fn ¼ 0.6 and 0.75 are shown in Figs. 13
and 14, and the observations are similar as in the lower
speed case. The interacting hull computations in both cases
show relatively larger discrepancy with experiments at reso-
nant frequency. Additionally, the interacting computations
show presence of multiple peaks here. Similar multiple peaksPlease cite this article in press as: Sen, D., Negi, A., Computation of wave-indu
Journal of Naval Architecture and Ocean Engineering (2016), http://dx.doi.org/10are also found in Belknap's (2008) computations in heave and
pitch at higher speeds. In absence of any damping of the fluid
motion in this potential flow based computations, large pres-
sure variations at the inside part of the hulls at the discrete
resonant frequencies of the interior free-surface may be a
possible explanation of these peaks. Note that for heave and
pitch, these occur only at higher speeds (Fn  0.6) at which
the encounter frequencies are relatively large. Overall heave
and pitch predicted from both the computations compare
reasonably well with experimental data except near the reso-
nant frequency.
We now present the results on structural loads. All results
are for the centreplane of the catamaran. Fig. 15 shows the
non-dimensional prying moment, i.e. the vertical bending
moment in the transverse plane V4 (ref. Fig. 4) for two speeds,
a moderate speed of Fn ¼ 0.3 and a high speed of Fn ¼ 0.6, in
head waves (in these and following figures, a ¼ wave
amplitude, M ¼ mass). For these cases, besides experimental
data, results from a 3D Rankine panel method were also
available (from Van't Veer, 1998a) and thus plotted. It can be
seen that while at the moderate speed, present computations
compare fairly well at higher wave lengths, the comparison is
poor at high speed. Strip1h seems to perform better in relation
to experimental data while Strip2h shows a pronounced peak,
which is most certainly related to the higher heave and pitchced motions and loads on catamaran hulls with forward speed, International
.1016/j.ijnaoe.2016.08.005
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Fig. 19. Comparison of V3,V4,V5 and V6 for b ¼ 195 deg. at a low speed of Fn ¼ 0.10 from the two approaches.
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Fig. 20. Comparison of V3,V4,V5 and V6 in bow-quartering waves (b ¼ 225
deg.) at a low speed of Fn ¼ 0.10 from the two approaches.
Table 2
Relevant particulars of the modified S64 catamaran model hull.
Length at waterline L 1.495 m
Demi hull beam B 0.111 m
Distance between center of hulls s 0.306 m & 0.612 m
Draught T 0.046 m
Mass displacement D 0.00749 ton
Vertical CG from baseline 0.8025 m
Roll radius of gyration (%B) kxx 36 & 52.7
Pitch radius of gyration (%L) kyy 24.2
Yaw radius of gyration (%L) kzz 28.2 & 25.0
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+ MODELmotion peaks predicted by this scheme. The correlation of the
3D Rankine panel method with experiment is comparatively
better, particularly at higher speed.
In head waves, vertical shear force V3 and pitch connecting
moment V5 are zero, but these are non-zero at oblique wave
headings. Figs. 16 and 17 show non-dimensional V3, V4 and V5Please cite this article in press as: Sen, D., Negi, A., Computation of wave-indu
Journal of Naval Architecture and Ocean Engineering (2016), http://dx.doi.org/10at the oblique headings of b ¼ 195 deg. and b ¼ 225 deg. for
Fn ¼ 0.3. It can be seen once again that the prediction by both
the present schemes are poor compared to experimental data.
There is also no consistency on the performances of Strip1h
and Strip2h. In this case, for V4 the performance of Strip1h is
comparatively slightly better but for V3 and V5 the trend is
opposite. In contrast, the Rankine panel method of Van't Veer
(1998a) correlated considerably better with experiment.
Fig. 18 show the yaw splitting moment at 180 deg and 195
deg, headings for Fn ¼ 0.3. Once again present computation
show poor correlation while the predictions from the 3D
Rankine method shows very good correlation with experiment.
As seen from above, the present two approaches appear to
produce load results considerably deviant from each other at
the moderate speed of Fn ¼ 0.3. To further study the relative
performance of the two schemes, computations are carried out
for a low speed of Fn ¼ 0.10. Results for vertical shear force
(V3), prying moment (V4), pitch connecting moment (V5) and
yaw splitting moment (V6) at 195 deg. and 225 deg. headings
are shown in Figs. 19 and 20. As can be seen, although both
approaches show roughly a somewhat similar trend at larger
wavelengths, there is no consistency in the predicted numer-
ical values. In some cases, eg. for V3, V4 and to some extent
V6, the predictions from both computations are reasonably
close at low frequencies (high wave lengths) but for V5 the
difference at low frequencies is quite large. Compared to
Fn ¼ 0.3, at this lower speed the agreement between the two
computations at higher l/L for the V3 and V4 is relatively
better. As regards torsional moments V5 and V6, the
interacting-hull computations produce relatively larger values
compared to the non-interacting hull results. For the pitch-
connecting moment V5, this trend is opposite to what is ob-
tained at higher speeds where the non-interacting hull results
are considerably larger compared to the interacting-hull results
(see Fig. 16). It will thus appear that both at smaller and larger
speeds, the discrepancies in the load results, particularly the
torsional load results are unacceptably large. In contrast,
available 3D results show much better correlation with
experimental data.
The second catamaran hull for which computations are
carried out is a vessel composed of demihulls which is a
modified S64 hull geometry. This is chosen because for this
catamaran, experimental motion measurements in regular
waves at 90 deg. and 120 deg. heading at zero speed are
available from the experiments conducted at Australianced motions and loads on catamaran hulls with forward speed, International
.1016/j.ijnaoe.2016.08.005
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+ MODELMaritime College Model Test Basin (Thomas et al., 2007).
Two catamaran hulls were considered for the experiments,
each formed by two S64 hull geometries as demihulls at two
different spacings. Relevant particulars of the hull are shown
in Table 2. Comparison of motion computations with both
approaches against the available experimental data are shown
in Figs. 21e24. Results are plotted against the non-
dimensional frequency u0
ﬃﬃﬃﬃﬃﬃﬃﬃ
L=g
p
where for this zero Froude
number case the frequency parameter u0 used is the absolute
frequency. The presented results cover both hull spacing of s/
L ¼ 0.204 and 0.408, and relevant motions (heave and roll at
b ¼ 90 deg. and heave, roll and pitch at b ¼ 120 deg.). At the
zero speed, the hull interaction effects are expected to be
important. The results appear to support this conjecture, as the
strip2h results correlate with experimental data far better than
the correlation of strip1h with experiments. In general the
strip1h results seem to over-predict the motions in all cases.0
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Fig. 21. Heave and roll RAO for the S64 catamaran model at lower demihull spac
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maran, no comparative results for loads could be presented,
We however show in Figs. 25 and 26 load computations from
the two approaches for these two headings. These results are
for the spacing s/L ¼ 0.204. Agreement between the two ap-
proaches for this hull is comparatively much better than the
agreement obtained in case of the TUD catamaran. The gen-
eral trend in loads from both approaches particularly at low
frequencies is in agreement, although numerical results differ.
Overall however, considering the large uncertainties that exist
in load predictions from different methods even for monohulls,
the correlation here between the two approaches can be taken
as fair.
5. Concluding remarks
In this work, motions and loads on catamaran hulls have
been studied based on a 2D strip theory approach. The4 5 6 7 8
0√(L/g)
Strip1h Exp.
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Strip1h Exp.
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+ MODELsectional hydrodynamic properties, which form a crucial part
of strip theory implementation, have been determined by
solving the relevant 2D sectional radiation problem by utiliz-
ing a Green function based singularity distribution numerical
method (popularly known as Frank close fit method). Here two
schemes have been used for this sectional solution. In one,
both the demihulls are considered as a single unit, thereby the
radiating waves of one demihull can interact with the other
demihull (referred to as ‘interacting hull’ here). In the second,
a single demihull is considered for the solution, and the
sectional hydrodynamic properties of the two demihulls are
simply algebraically added (referred to as ‘independent hull’
here.) With respect to motions predictions, it appears that both
schemes can produce overall results in reasonable correlation
with experimental data at moderate and high speeds particu-
larly at low frequencies. The main difference arises at resonant
frequencies at which the interacting hull computations tend to
produce a peak. At zero speed however the motion computa-0
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Fig. 22. Heave and roll RAO for the S64 catamaran model at higher demihull spac
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experiment compared to the non-interacting hull computa-
tions. This supports the conjecture that at zero and low speeds,
hull interaction is important while at high speeds, it may be
relatively less significant because of the swept-down effect of
the radiated waves. Overall, reasonable motions predictions
may be obtained from the simplified 2D computations based
on the two approaches for the high and low speed ranges.
As regards structural loads, in general both the schemes
have performed poorly. The predictions are slightly better at
low frequencies from both the schemes, but which of the two
approaches give better predictions at what speed range and for
which loads could not be established. Overall the independent-
hull computations may be marginally better. Unlike motions,
uncertainties in the load predictions appear to be far higher.
The 3D effects may be significant for load predictions as the
3D computational results of Van't Veer (1998a, 1998b, 1998c)
appear to correlate with experiments far better than the ap-4 5 6 7 8
0√(L/g)
Strip1h Exp.
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Strip1h Exp.
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Fig. 23. Heave, roll and pitch RAO for the S64 catamaran model at lower demihull spacing of s ¼ 0.308 m (s/L ¼ 0.204) in waves heading of b ¼ 120 deg. at zero
speed.
22 D. Sen, A. Negi / International Journal of Naval Architecture and Ocean Engineering xx (2016) 1e26
+ MODEL
Please cite this article in press as: Sen, D., Negi, A., Computation of wave-induced motions and loads on catamaran hulls with forward speed, International
Journal of Naval Architecture and Ocean Engineering (2016), http://dx.doi.org/10.1016/j.ijnaoe.2016.08.005
00.2
0.4
0.6
0.8
1
1.2
0 1 2 3 4 5 6 7 8
He
av
e 
RA
O
 [ζ
3/
a 0
]
ω0√(L/g)
Strip2h Strip1h Exp.
0
0.2
0.4
0.6
0.8
1
1.2
0 1 2 3 4 5 6 7 8
Ro
ll 
RA
O
 [ζ
4/
ka
0]
ω0√(L/g)
Strip2h Strip1h Exp.
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
0 1 2 3 4 5 6 7 8
Pi
tc
h 
RA
O
 [ζ
5/
ka
0]
ω0√(L/g)
Strip2h Strip1h Exp.
Fig. 24. Heave, roll and pitch RAO for the S64 catamaran model at higher demihull spacing of s ¼ 0.612 m (s/L ¼ 0.408) in waves heading of b ¼ 120 deg. at zero
speed.
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predictions, methods based on simplified 2D strip-theory type
computations are inadequate unlike in case of monohull loads,
and recourse must be made to more advance 3D methods either
based on potential theory or CFD methods.Please cite this article in press as: Sen, D., Negi, A., Computation of wave-indu
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maran motion and load prediction continues to be an active
area of research as considerable uncertainties still exist
particularly in load predictions on cross-deck structures. The
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Fig. 25. Comparison of V3, V4 and V5 on the centreplane of the S64 catamaran with s/L ¼ 0.204 from the two approaches in beam waves (b ¼ 90 deg.) and at zero
speed.
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Fig. 26. Comparison of V3, V4 and V5 on the centreplane of the S64 catamaran with s/L ¼ 0.204 from the two approaches in wave heading of b ¼ 120 deg. at zero
speed.
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diction tool for these structures.
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